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Cold Working of Cannon

(Autofrettags)

The first recorded enlargement of the bore of gun barrels
by interlor pressure occurred about one hundred years ago at
Svringfield Armory., Zach rifle barrel was tested by firing a
special cartridge loaded to produce a pressure one and one-half
times the service vpressurs, The cartridge was fired before the
barrel was bored and chambered, and the only mrpose was to in-
sure rupiure of any defective barrels, Barrels which withstood
this treatment were accepted for use, It was observed that both
the interior and exterior diameters were enlarged by the hizh
nressure, bu® it was not detected that this cold stretching of

ey

tus weial fpereasgsd *liz elastlic strength, Ncit

-

3l

5

til the Krag-

£

Jorgensen magazine rifle was adopted, was‘it established that this
enlargement of the bore was accompanied by a marked increase in
the elastic strength of the gun.

After World War I, a study of the possible application of
the process to the manufacture of cannon was made at Watertown
Arsenal, The study showed that successful application was de-
pendent on the practicabllity of making equipment that could
generate, transmit into and retain in the bore, the high pressure
required, Major General C, C, Williams, then Chief of Ordnance,
authorized the maltding of the necessary egquipment and when the
tests made showed promlse, ordered Watertown Arsenal to conduct

such experiments as would determine if cold worked single pisce



i1

forginge could be made good enough to replace the "built-up by
surinkage" and the "wire wrapped" cannon heretofore used,

The experiments (in the early 1920's) directed by Brigadier
General T, C, Dickson, then Commanding Watertown Arsenal, were
conducted by Dr. F, C, Langenterg and Mr, J. C, Solberg (now
Lt. Col, Solberg) and later by Captein S, B, Ritchie (now Colonel
Ritchie) and Mr. K, C. Mann,

"Cold Working® or permanently enlarging all diameters of a
cylinder vy interlor pressure produces ar internal strain of ten-
sion in the exterior portion of the wall, In a dbuilt-up gun, the
tube is vut into a state of compression by the Jjackets and hoors.
"Cold Working" produces this effect without hoops and the method
as originally developed was termed "Autofrettage" which, literally
translated from the French means "self-hooping."

The adoption of the cold worklng nrocess to guns makes it
possaidle to make them in a single plece and saves the accurate
rachining previously required on the exterlor surface for shrinkage
operation, Thle vrocess subjects every fiber of the metsl to a
pressure far in excess of any which the metal will receive in service.
As a "nrocof-test" this feature is of great value because the strength
of the gun has actually been "proved" prior to any firing.

The process was firat applled to forged gun tubea and later
to centrifugally cast gun tubes. Much of the credlt for the
application of the process to mass production belongs to Captain D, H,

Wewhall, Ordnance Department, wno has been in charge of the Cold-
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Working Dapartment at Watertown Arsenal immediately preceding and
during World War II,

The equipment at Watertown Arsenal has been deeigned to
develorn hyiraulic pressures up to 150,000 pounds rer square inch,
The mrireuilc nedium is water containing soluble oil and tri-
sodiun vhosphate (as a rust inhiditor). The pressure is built up
in two stages, An ordinary comrercial pump carable of building
ur a pregsure of 10,000 nounds per square inch comprised the first
stage., The second stage employs a unit known as an intensifier
which suilde ur the pressure required, The comparatively low
rreesure from the commercial pump is introduced into a large area
on a fiessting olstin iz the intensifier, High pressure is taken

off ths other side of the floating piston which has a much smaller

area, The high pressure developed is in inverse proportion to the

vagea covering Design data fér gun tubes and high pressure Vessels,
are ty Gantain D, H, Newhall, Ordnance Department, Officer in Cherge
of tae Cold-Work Sectlion zt Watertown Arsenal, lNot only do they
congtltute & distinguished contribution to the War effort, but will
aeTve as valueble text material for future Orérznce Officers., All
tiie calculations involved have been ciiwcked oy r-rsonnel from tke

Resenrca Jlvislon, vatertown Arsensl uLadoratery,
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YOREWORD

JIn the design of cold-worked gun tubes and high-pressure vessels,
the designer is confronted with a relatively large number of fairly
complex formulae concerning the mechanios of thick hollow cylinders.
To simplify their use, the Cold Work Section at Watertown Arsenal has
found 1%t convenient to tabulate these formulae on simple charts, and
in addition, to present certain of them in curve form, /

In the course of discussion with other Ordnance Department design
agencles, several requests for the tabulations and curves were re-
celved and to meet these requests the material has been collected,
After collecting the‘formulae and curves, which, by themselves
demanded somsexplanation, it occurred to the anthor that the proc@#f;r
tion could be made more interesting and understandable if it were

foet palesa b T
expanded somewhat to include & discussion of the -general behavior of
oylinders subjected to pressure. Tnls revort w2 g;sr§;5§e expandsd
acpord{iély and organized to correspond to the four (4) distinet
conditions or states of stress that could be encountered, namoly..

Elaatic State,
,Zj Theories Concerning Initial Ylelding
. Plastic State -/
.. Bupture State ‘:;T"”“‘

Even though expanded the main purpose of this report is to
present useable formulae and curves in concize form and ifor i.is
reason certain fundaﬁentai derivations have been omitted. Space is
not given to crediting the source of much of the materiasl. Some
formulae, altered only slightly from their originél form, should be
credited to standard texts on strength of materials. ZExplanatory

rotss have bteen kept ro a minimum, Some pointe dlg-1eeed in ihe

D . -
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section concerning the Plastic State are subject to controversy and
clain is not made as to their final and absolute acoursocy. All data
presented, however, have actually been applied to design and related
engiyeoring problems in connection with cold-working and have pwoven
to be sufficiently accurate for all practical purposes, Still other
points merely i'oport observations made by the author during his
contact with high pressure work at Watertown Arsenal,

It 1s frequently necessary to caloulate slastic stresses and
strains resulting from 0dd and complex systems of loading. While it
would be possidls to derive formulae for the many cases that could
exist, the autﬁor has found it more convenlent to plot or express

only the simpler relationships, resorting to the principle of super-

position for the more complex ones. In using this principle a complex

loading is broken down into separate simpler sets of loads, The
effect of each load is determined, with an algebraic summation being
then made to give the net effect,

In the Ordnance Department, the original work on material in

the Plastic State was done at Watertown Arsenal in the sarly 1920's

by Dr. F, C. Langenberg and Mr. J, C., Solberg (nov L{. Colonel Bolberg,

Ordnance Department) under the direction of the late General Trasy
Dickson. The "Flow Factor" and "Pressure Factor® relationships, dis-
cussed in the text, were among their many contridutions.

Their work has been extended in that equations have now been
derived covering strain distribution in both transverse and longitu=-
dinal planes. This in turn led to the development of an equation for
longitudinal shrinkage in a tapered tube., These equations, without

their derivations have been included.
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Stress at yicld, pounds pur sgquarc inch

Stress in the tangential direetion, pounds per square inch

Stress in the radial direction, pounds per squars inch

Stress in the longitudinal direction, pounds por square inch

Strain in the tagpkcntial dircetion, inches per inch
Strain in the radial direetion, inches per inch
Strain in the longitudinal dircection, inches per inch
Strain on the ID, inches per inch

Strain on thc 0D, inches per inch

Youngts Modulus of Elastleity, pounds per square inch
Polsson's Ratio

Pressure, pounds per square inch

Prcssure on the bore, pounds per square inch

Pressurc on the outside surface, pounds per sguare inch

Wall rati.==0utside Diametecr
Inside Diameter

Wall ratio at the muzzle

Vlail ratio at the breech

We o+ 1

we =1

General rodius in a thick hellow ¢ylinder

Borc radius in :, thick hollow cylinder

Outside radius of a thick hollow cylindor

AID

AQD -

ressure

Stress at yield

Flow factor =

Pregours factor =

liatural Lozarithm
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ELASIIC STATE = WITHOUT LOUGITURINAL LOLDING

Fige 1 (Equations 1 - 42 inclusive) lists « colleetion of
purtinent formulac cevuring stress and strain in thick hollew
cylinders assuming that thcere is no longitudinal load applicd
and that cylinders arc frce to cxtund oy contract,

Equations 1, 2 and 3 (Fige 1) rcpresent the well knovm
fundamental cquations of stress as derived originally by Lame
and rewritten for the soke of convenience in terms of wall ratio,

BEquations 4, 5 and 6 (Fige 1) arc fundamcntal cxprcssions
of Hookct!s Law of Dcformation for matcrial subjccted to combincd
stressa

The fundamental cquations (1-6) apply when intcrnal and
external pressurcs cxist simultancouslye Tror the casc when
internal pressurc only is used, thesc cquations may be reduccd
to the general oncs cited in cquations 7 - 12 inclusive, Likewisc
in thce ocase of external pressurc only, the gencral equations
25 ~ 30 apply.

In making calculations, a designer is usually most in-
turcsted in the stresses and strains at the boundarics of the
cylinder (at borc and outsidc surfaces) and for thosc speeific
cascs the formulse above furthor reduce to thosc shown as
cquations 13 - 24 (intcrnal pressurc only) and cquations 31 - 42
(external pressurc only), Thesc specific cquations arc plotted
against wall ratio (Figs. 2 - 8 inclusivc) with the plot limited
to thosc valucs of wall ratio normally cncountircd in gun tubes
and high-pressurc vessel designe Thosc cquations concerning
stress were solved and plotted assuming an applicd pressure of
10,0090 psi, Since stress and pressure in the clastic state arc
dircotly proportional, strcsscs provailing at other pressures
arc readily computcds In o similar manncr, cguations conccrning
strain wirc plottcd assuming a pressur. of 100,000 psi.

In the cquations discusscd above, the longitudinal stress (Sg)
has been assumed to be zecros Thic has boen a controversial point
in the ficld of mechanics and it is interesting to note that
Copts Elmo Mathcws has apparcently confirmed the assumpbion in-his
¥e Ie T. thesis "Photoclastic Examination of Stress in Thick
Hollow Cylindcrs®e (W. i. $#660/12)
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2.

ELASTIC STATE - WITH LONGITUDINAL LO/DING

Speolal Case = Capped Cylindor

In the preceding scetion equations were disoussed assuming
that thero was no lengitudinal stross, This ceasos to be the essc
when a oylinder is restraincd longitudinally, for instancc whcn the
oylinder is cappcds In this oase the end thrust of the internal
pressurc is exerted as a longitudinal load and longitudinal stress
beoomes:

Longitudinal loading docs not changc the relationship between
pressure and the transverse stresscs (tgngential and radial) hence
the stress cquations (Sg and Sp) given in Fige. 1 hold for this casc
as well as for thc ecasc without longitudinal loading. As indicatcd
in Equation 43, longitudinal s¥ress is dependont only on pressurc
and wall ratie and thereforc is uniform aoross the transverse scotion,
Fige 9 is = plet (wall ratio vse longitwdinal stross) of Equation 43
using a unit prossurc af 10,000 psi,

Equations for the principal strains (e, ey and ;) for tHe
longitudinally loaded ease are derived by substituting the above
expression for longitudinal stress (Equation 43), togcther with the
sorresponding valucs of S¢ and S, in the fundamental cquatiens 4,
5 and 6 (Fige l)e The recsulting cquations are tabulated below:

GENER.LL -
Pl b2
E ey W =1 (.u + 1.3 =z ) ————— (uy)
Pl b2
Eer——wz-—_——l——(u—l,s;g) ————— (us)
_ up
Ee, = gv-memaaniii i (u46)
WHEN r e o
EGQ"WE:T—(u+l3W2) ————— (u?)
L AR _ e\ _ _ __ _
£ e = e (v - 13w (ua)
up
- —-——_-_!—_._ ____________ al
£ e, WV - (ua)
WHEN r = b 1' o
il
ey = ————— e e e e m— 50
t W2 -1 ( )
E 2n = —;—.—9—P—L—- ____________ (51)
We — 1
up
Fepm e o (52)




.

Se

It is pointed out that ecascs of eapped cylinders could be
readily calculated by tho principlo of supcrposifiage The
formulac arc, howcver, inocludcd horc as they arc used with
sufficiont frequenoy to justify their derivation,
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4

THEORIES CONCERNING INITL.L YIELDING

When material is loaded in ono dircotion only, yiclding occurs
when the stross is cqual to ylold stross (uni-axial) as detcrmined
from a simple tonsilc tcst bar, This is not the casc if the materiel
is subjooted to eombincd stross (bi-axial or tri-axial) and in
accounting for such conditions of yiclding various thoorics have
: been advanccd, The following tabulation shows the combination of
) stressos that cortain of the thooriss hold as the condition undcer

which yielding, in cylindcrs subjccted to internal pressurc, begins:
(in all oascs it is assumcd that thorc is no longitudinal stress)

Maximum Stress Thcory Syp = Sy

Moximum Strain Theory Syp = E ey = S¢ — uSy

Strain Encrgy Theory (Sypf= S¢2 + Sp2 — 24 Sy Sp

Constant Encrgy of Distortion
Theory (Von Miscs) 2 (o )? = (St - Sr)z + 5.2 1 3,2

Maximum Shcar Theory Syp = S¢ ~ Sp
Thesc theories can be vividly compercd whon their oquations
ore cxpressced in terms of prossurc, yicld strength and wall ratio.
Tho cquations listed below, and plottcd in Fig, 10, providc this
. oomparisone Thoy worc dorived by handling the above cqucotions in
the following manncrs

’ | 1) Lotting the ratie = Pressurc Factor

Svp

2) Substituting cquations 13 and 14 (Fig, 1) aos
ocxprcssions for S¢ and Sy

3) Assuming 'p = .3

W2 + 1
4) Letting the ratie ——wz—“l-—" = K

5) Solving for Prcssurc Factor in tcrms of X
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A

D,

Maximum Stress Theory PF = é
: 1
Maximum Strain Theory PF =
Strain Energy Theory PF = KT+ .6k + X)é

1
Constant Energy of Distortion PF = mer——— 74

Maximum Shearing Stress Theory PF = ;3

Many investigators have attempted to determine which of the
above theories most closely predicts the initial yielding. In
ductile materials, experiments for the most part seem to agree
with the constant energy of distortion theory. Homever, the max-
imum shearing stress theory does not differ greatly ( ’22p at W= 2)
and since the difference is on the conservative side, it esppears to

be the most proctical one for design worl.
P

It is pointed out that the ratio (-K), as used above, has
appreciable significance in that it is the ratio of principal bore

stresses (Sy / Sp), This may be shown by taking the ratio of eq-
uations 13 and 14 (Fig. 1). An interesting relationship also
exists between the ratio of principal bore stresses and wall ratic.
The equation and plot of this are shown in Fig. 11.

Assuming a constant internal pressure, it is seen from Fig. 11
that as -values for wall ratio approach unity, the values for the
ratio of bore stresses approach infinity.

Since the radial’ stress (S_.) at the bore remains equal to the

internal pressure, the curve indicates that for small wall ratios the
magnitude of the radial stress is negligible compared with the tan-
gential stress. Tangential stress, therefcre, tends to become the
only principal stress that needs to te considered. The so-cealled
"boiler" formulae used in the design of thin-walled pressure vessels,
neglect radial stress and with Fig. 11 showing the influence of wmll
ratio, one can appreciate that the boiler formulee are limited in
their application.

Again referring to Fig. 11, it is secen that as values for wall
ratio increase, the values for the ratio of bore stresses approach
minus one asymptatchl;y; Kinus one, as is well knowm, is the wvmlue
for the ratio of principal stresses in material subjected to pure
shear. Experimentgl work shows that the cylinders with large wall
‘ratios yield spproximately in agreement with the maximum shearing
stress theory and, in view of the above, this is not surprising.

It is to be noted that in the above comparison of theories, a
variable termed "pressurc factor" was used. This, as will be shomm
in the next section, is a convenient dimensionless ratio uscd ¢Xten-
sively in comparing the pressure charucteristics of thick hollow
cylinders,
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PL.STIC ST.[E

AS on introduction to thc bechavior of cylindcrs in the plastic
statc, it may bo of valuc to illustratc tho cffcect of plastically
oxpanding them with intcrncl pressurce Fige 12 (a) shows thc general
relationship botwcen pressurc and cxpansione It is notid thzat
additional clastic strongth rcsults from thc ovorcxpansion. Port
of this gain is duc to strain hardening and shows up as an cctuzl
inorcasc in the yicld strength which oan be measurcd by tensilc tosts.
Thce remaindor of the gain rcsults from the residual tangenticl strcesscs
lof% in the matcrial after the pressurc is rclcosced, This is kmown
as thc autofrcttage offcot and is illustrated in Fige 13, Thc tourm
autofrettage comcs from the French, a literal translation of which
is "sclf hooping”s From tho figurc, it is scen that there is o
rcsidual “hoop" of tcnsion on thc outsidc and a residual "hoop" of
comprcssion at the borc, thus producing the samc cffcet in o monobloc
tubc as that which is obtained by cither wirc wrapping or shrinking
tubcs on lincrs,

The straight linc in Fig, 12 (a) illustrating thc rceovery
during the rclcasc of pressurc is actually curved 2s shovm in cx-
aggeration by thc solid linc in Fig. 12 (b)s . rcapplication of
pressurc couscs cxpansion along the rcloading curve, shown 2lso as
& golid linc, forming what is known as an hystcercsis loope ¥hen
thc meterial is subjoeted to a. low tomperaturc soak (300° C) beforc
rcnpplying pressurc, the loop closcs to cssentially o straight linc
as indicatcd by the dotted linc,

The autofrettage process as used by the U. S, Navy and forcign
nations. involves lower pressurcs with smaller cxpension than that
cmploycd by thc U. S, army. In thosc proccsscs, strength is gained
largely from autofrettage with littlc being gained from strain
hardoning. To dlffcrcntlato, the irmy generally spuoks of its pro-
coss as "cold working".

+ In thc carly 1920's, it was the desirc of the Ordnance Dopart-
ment to thoroughly investigate tho possibility of strongthening
gun tubcs by overstraining or plastically defarming them with
hydraulic preossurc. Dcvelopment work was undertaken and from this,
grow thc cold working proccss, as now used at Watertown and ¥atcrvlict
srscnals. Hundreds of obscrvations were made oh overstraincd thick
hollow cylinders and datn wxs corrclated in such a manncer that it
was dircetly applicablc to the design of cold worked gun tubces and
high=-prcssurc vessels,

The most important variables to be corrclated in the dovelopment
work werce pressure, yicld strength, wall ratio and deformition.
Relationships were clecarly coxpresscd by pressurc frctor, flow fnctor
and strain ratio, which arc bricfly cxplained as follows:
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?él 1) Pressure Factor is o convenient dimensionless ratio,

7 f previously noted as P/S , serving as a "Common Denom-

' - inator" for comparing cylinders of various wall ratios
and yield strengths with regard to the pressures required
to produce any given degrece of permanent enlargement.

| %ii | 2) Flow Factor is a ratio of the permanent enlargement of
B the inside of a cylinder to that of the outside.

3) Strain Ratio is the ratio of permanent strain on the
inside of a cylinder to that on the outside. It is
related to flow factor; however, it is expressed in-
dependently as it is frequently convenient to have it so.

Fig. 14 shows several interesting relationships concerning
‘pressure factor. The top family of curves, based on original test
data, concern various percentages of cold work. The six percent
. curve is emphasized by a heavy line as this percentage is used for
oy production design. Immediately below the one percent curve, there
=§4 is shown a line applicable to a hypothetical material that would -
’ not resist deformation after yielding; i.e., one that would not
strain harden. The equation for the line, ooming from the theory
of plasticity, is PFZ LnW. 1In this, it is assumed that yielding
has progressed throughout the wnll of the cylinder and since the
? material does not strain harden it applies to autofrettage divorced
' from strain hardening., S$Still further below is & line applicable
to yielding as determined by the maximum shearing stress theory.
With pressure factor teing directly proportional to pressure, these
curves show relative strengths that may be attributed to the inherent
_ elastic strength, sutofrettage, and strain hardening, as indiceated
i by the brackets shown. .

' In the following paragraphs, various equations concerning
strain in the plastic state are given. Their derivations (not
shown here) involve the following assumptions, listed as o point of
interest:

. 1) Poisson's Ratio = 1/3. For the relatively small volues
of strain encountered in autofrettage and cold working,
experimentsl data and production experience shows this
to be reasonable.

. 2) A condition of constant volume exists. This assurotion
is made since elastic struins are negligible compared
with the plastic ones. As a result of this assumption,
the sum of the principal streins is egual to zero.

"3) The directions of the principal stresses and strains
coincide.
< eddmed]
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8.

Fig, 15 shows plots of strain ratio and flow factor vs.
wall ratio. The equation of the strain ratio curve is:

e, .9 2. )l e e - - 53
;g =8 we + 3 (53)

This is a slight modification of an empirical equation based

on original experimental data. The value of having en expression
showing the relationship between the inner and outer strains is
obvious and it is fortunate that the relation is so simple. It is
occasionally more convenient to have this relationship expressed
in terms of flow factor,

_ 410 ey D
EOD ~ &g " 0D
and in terms of wall ratio this becomes

e 5 1
= = - e Uy
FF -e?w}- & W+ & . (54)

This is the equation of the flow factor curve plotted.

FF

Frequently it is desirable to calculate longitudinal strain.
By taking accurate measurements during cold working of gun tubes
and test cylinders, it has been found that longitudinel shrinkage
is uniform across the section and from this observation, it appears
reasonably sound to essume that longitudinal strain is similarly
uniform. During cold working, gun tubes are free to contract
longitudinally until the gun bears against the container. Until
that insteant, no radial stress exists on the outside surface and
since no shrinkape occurs after that instant, radial stress sub-
sequently developed does not effect the calculation of shrinkage.
Only tangential stress, a uni-axial one, exists on the outside
surface. It, therefore, is correct to express longitudinal strain
as Poisson's ratio times the strain on the OD. By expressing e,

in terms of €| and wall ratio (from Equation 53) and multiplying
by K the following expression for e, is obtained.

-— : - e —————————————
2 = T B + .5 (55)

This equation is plotted in Fig. 16.

By having established the expression for longitudinal streain,
shrinkage in cylindrical sections is simply the product of strain
and length. The relationship, which has heen derived, is consider-
ably more complicated for a tapered section. This is shown in the
following equation: .

- .89 el [ -1, -
AL = T [ran 7 ! 2236w, - AN 2.236W ] - (56)

Equations 54, 55 and 56 are based on the strain ratio equation
number 53; which, as previously pointed out, is a modification of
an empirical relation. The original empirical equation is:

ey . W

e N e e e e it = — - = — = (57
€0 1.125 ( )
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While uquation 53 is morc accurate then equation 57, the lotter
lends itself to less compliceted expressions for flow factor,

longitudinal strain and longitudinal shrinkagu in tapered scetions,

88 tabulated below:

W
= —me—e (APPROXIMATE) ~ ~ = = ~ — — = = 58
FF TT5E (APPROX IMATE ) (58)
~-.375
e, = ———w—zﬂ (APPROXIMATE) - — — — — = — — (59)
AL = 3T XL (60)
Wb X wm

Equations 57 to 60 inclusive are accuratc to within 5% for
all wall ratios cxeept those below 1,3 and for such ratios thosc

cquations should not bo used,

Formulae oxpreséing (1). ej in terms of ¢g and (2) e, in terms

of ey have becn disoussed sbove,

From these, cquations for tan-

gential and radizl strains have been derived.

TANGENTIAL STRAIN

9.

_ a? e a?y e, (6
r == € T @ T - m— s (62)
e
r=b ey = —W%— [ e - (w2 - 1) ~§5] - — - (83)
RiDIAL "STRAIN
ale| e, a®
General ep = = = T3 (1 + -Fz-) - = —, ~{6u)
r=a e = <e| + ez) ———————————— (65)
!
rab en *—Wz-[e'+(w2+l>§z~-]——-—-(66)
In proof tcsting, it may be desirablc to overstrain the motorial

throughout the wall,

Since the outside surface would be thoe last
to yicld, thc strain ratio may bc applicd to determine the required
borc¢ cnlargement (percent of cold work) to proof tust,

required for proof may then be determined directly from Fig. 14
where prossurc factors for various pereentages of cold work are
plotteds With it buing frequently ncecssary to make such calculations,

40

the strain ratio relationship has bucn convinicntly plotted in TFig

o

This family of curvces is obtaincd by substituting Svn/E for ¢4 in

ceuation 53 and mhltiplying both

sides of the cquati&n by 100

S/

in ordcr to convert oy to pereent cold work.

Thc pressurs

17.
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10,
RUPTURE ST.TE

Knowledgo conourning rupturc can bo of considurablc valuc in
dosign worke, Whilc lituraturc disousscs the subjceet to somc oxtent,
it is genorally apprcoiated that mech work romains to bou donc boforc
the various factors contributing to rupturc ean be eccuratcly
evalunted, This is of particular importanco in tho dosign of gun
tubes and high-prossuro vossols in which faotors of safety are un-
avoidably small, Tho following discussion necithcr rcoviews thc
litorature nor contributes apprcoiably to this evaluation, It
morely tomches on somo of the highlights in thc fiold and presents
some interosting obscrvations made during high-pressurc work at
Wotertown Arscnale, It is pointod out that rupturc as considered
here, may diffor from that encountered in either the bursting of
ocannon under firc or in the fragmontation of bomb and shcll beceausc
of tho differencc in rates of loading,

In general thero are two broad elassifications of rupturec,
brittle and duotile,

It has bocn obsorved that oylinders of inheremtly brittle
material rupture in a radial plane as illustrated in Fig. 18,
whereas those of ductilc moterials rupturc aleng an cquiangular
spiral (the path of maximum shearing stress) as illustrated in
Fig, 19, Fige 20 is anothor photograph of the oylindcr (shovm in

Fige 19) prior to scetioning and is included to show thc cxtent ef
that rupture,

Two interesting generalitics concerning brittle materials hove
been observeds Thosc are:

1) Cylinders of heavy wall ratio appcar to rupture by
scparating aoross a diamcter into two distinet halves
with little if any fragmontation ocourringe A4 little
added ductility apparcntly coauses rupture to occur as
a rodial crack running longitudinally along only onc
side of the oylinder and open only to the bore.

2) Rupture (not just yielding) oceurs essentielly in
accordance with the maximum stress theory of strengthe.
If stress raiscrs are present and not allowed for in
computations, rupture may ocour at cven lowcr pressures
than thosc computed., Test data for cast iron cylinders
(vy Cook and Robertson) expressed in terms of preczsure
faoctor is plotted ageinst wall ratio in Fige 21s The
agreenont with the maximum stress theory is obvious.

In contrast to the above, ductile materials may yicld trencn-
dously boforc rupturo, Bridgman reports 300% borc oxpansion in =
load cylindor. Enlargements before rupture in steel oylinders of
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. from 40 to 50% are not uncommon. Unfortunately there appears to
. be no law of rupturc comparable with that conccrning brittle materiels.
L A It is pointed out however, that the pressure required for 10% cold
§ . : working can be taken as a fair approximation of the pressure required
to rupture ductile steels., The validity of this rule of thumb may be

appreciated when one considers how flat the pressure expansion curve

is at 10% cold workzng. A ductile cylinder first bulges where it 1s
g _weakest and then, in the area of the tulge, ruptures along & spiral
» ‘path,

. The discussion above concerns rupture in material essentially

4 "~ homogeneous., Such factors as localized imperfections, (inclusions,

Ch ' hard or soft spots and the like) cracks, geometric discontinuities

i (re-entrant corners, bolt holes, ctc.) and fatigue often cause en

; otherwise ductile cylinder to rupture in a brittle menner. Varia-

g . tion in structure, a metallurgical imperfection whicl. may be scen

1’ in the photograph, accounts for the brittle failure illustrated

- in Fig. 22. Based on physical tests, this material was essentially

’ ductile. (Reduction of Arca = 40.2%) A crack on the outside surfacc
accounts for the brittle rupture of the gun tube (Reduction of
Arca = 65%) illustrated in Fig. 23. From the photoelastic picture,
Fige 24, provided by thc Arsenal Laboratory, one can appreciate the
tremendous localized stress in the re-entrant corners of gun tube

* rifling. Fig. 25 is an illustration of brittle rupture resulting
from fatigue. The piecc, a liner.in a high-pressure intensifier

' cylinder, expcrlenced approximately 3000 strcss reversals before

: rupture.

iﬁd . It is interesting to note that in a fracture, its origin is
: often clearly indicated by the pattern of the teer. Usually well
defined "Feather lines" point toward thc origin as showm in Fig. 26.
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